We propose and demonstrate the use of short pulsed fiber lasers in surface texturing using MHz-repetition-rate, microjoule-and sub-microjoule-energy pulses. Texturing of titanium-based (Ti6Al4V) dental implant surfaces is achieved using femtosecond, picosecond and (for comparison) nanosecond pulses with the aim of controlling attachment of human cells onto the surface. Femtosecond and picosecond pulses yield similar results in the creation of micron-scale textures with greatly reduced or no thermal heat effects, whereas nanosecond pulses result in strong thermal effects. Various surface textures are created with excellent uniformity and repeatability on a desired portion of the surface. The effects of the surface texturing on the attachment and proliferation of cells are characterized under cell culture conditions. Our data indicate that picosecond-pulsed laser modification can be utilized effectively in low-cost laser surface engineering of medical implants, where different areas on the surface can be made cell-attachment friendly or hostile through the use of different patterns. 192-203 (1997) Lett. 17, 733-737 (2004). 25. S. P. S. Porto, P. A. Fleury, and T. C. Damen, "Raman spectra of TiO2, MgF2, Zn F2, FeF2, and MnF2," Phys. Rev. 154, 522-526 (1967 
Introduction
Surface engineering of materials using pulsed lasers is increasingly used to control and improve mechanical, chemical and even biological properties of surfaces since it is fast, environmentally friendly and offers excellent precision [1] . Surface chemistry, surface energy and topography play an essential role in cell adhesion on the surface, thus affecting the cell's ability to proliferate and differentiate [2] . This is particularly important for the effectiveness of medical implants to establish a mechanically stable integration of bone tissue and implant material surface [3] . Due to its good mechanical and chemical characteristics, including corrosion resistivity, relatively low density (4.5 g/cm 3 ), as well as biocompatibility, titanium is commonly used as implant material, particularly in dentistry, as bone plating, screws and hard tissue replacements. Both pure Ti and its certain alloys are used for surgical implant applications. Among these, the alloy Ti6Al4V is very common, due to its low cost, and superior tensile and yield strength compared to pure Ti [4] .
Surface topology is known to play an important role in cell adhesion to surfaces of biomaterials, various kinds of implant surface texturing methods, including the use of lasers, are used to increase cell attachment and subsequent proliferation [5] [6] [7] . However, the techniques commonly used to create surface textures in commercial applications are mechanical (machining, sand-blasting) or chemical methods (such as acid etching, oxidation), all of which lack the spatial selectivity that laser-based texturing can offer. In addition, these techniques have potentially undesirable contamination and environmental effects. While surface texturing can be performed using nanosecond or longer-pulsed lasers, they result in undesirable thermal effects, limiting the level of precision.
Thermo-physical response of the material is a function of the pulse duration and shows significant changes going from the nanosecond regime to the femtosecond regime. Although this phenomenon is complex and the details depend on the material, an important factor is the characteristic time of electron-phonon coupling, which is typically in the order of tens of picoseconds for solids. This means that under the action of pulses shorter than this time scale, the absorbed pulse energy is stored in the electron subsystem, whereas the lattice remains at its considerably lower temperature. This results in greatly reduced thermal effects, leading to highly precise and localized processing with little effect to the surrounding region [8, 9] .
Excellent precision can be obtained with ultrashort-pulsed solid state lasers [10] [11] [12] [13] [14] . However, all previous results with ultrashort pulses were at kHz-or Hz-level repetition rates. In addition, these are complex and costly devices; consequently their use in surface texturing of biomaterials has been confined to laboratory experiments. Ultrafast fiber lasers operating at much higher repetition rates offer great potential for surface texturing at high speed with their attractive features such as low cost, robust operation, compact size, low intensity noise and diffraction-limited beam quality.
Here, we demonstrate the use of home-built picosecond and femtosecond pulsed fiber laser systems in texturing of dental implant surfaces. It was not clear a priori if the use of MHz-level repetition rates and relatively low pulse energies of few microjoules or less would result in diminished performance. We show that various surface textures with micrometer-and nanometersized features can be created at high speed with excellent precision and repeatability. The results are compared with those obtained with a commercial nanosecond fiber laser, for which heat effects are significant and result in relatively reduced precision. To the best of our knowledge, this is the first application of an ultrafast pulsed fiber laser to surface engineering. The impact of the surface textures on the attachment and growth of the cells is investigated, which indicate certain topologies are cell attachment-and growth-friendly and others are hostile. In addition, we observe tendency of attached cells to align along the direction of the structures. The experimental setup is illustrated in Fig. 1 . Two different, home-built fiber laser systems delivering picosecond and femtosecond pulses and a commercial nanosecond fiber laser (FL-NS-8W, FiberLAST) are used in these experiments. The nanosecond fiber laser produces 70 ns-long pulses at 20-200 kHz repetition rate and maximum average power of 8 W. One of the ultrafast laser systems is seeded by an all-normal-dispersion (ANDi) mode-locked Yb oscillator [15] with a central wavelength of 1060 nm and the other one by a self-similar modelocked Yb oscillator [16] with a central wavelength of 1035 nm. The oscillator repetition rates are 43 MHz and 28 MHz, respectively. Both oscillators produce few picosecond-long, chirped pulses, which are fiber-coupled to all-fiber-integrated and misalignment-free amplifiers. First, the pulses are temporally stretched in fiber stretchers to reduce nonlinear effects, then traverse preamplifiers, which boost the power to 100-150 mW, which is sufficient to seed the power amplifiers. Both systems incorporate 10 ns-risetime fiber-coupled acousto-optic modulators (AOM) to optionally reduce the repetition rate to 1 MHz prior to amplification. The first system produces an average power of up to 16 W, corresponding to an estimated peak power of 20 kW for 20-ps pulses at 43 MHz of repetition rate. Following pulse compression with the gratings, pulse duration is measured to be 200 fs full-width at half-maximum (FWHM). The details of the system are described in [17] . The second system is used only at the reduced repetition rate of 1 MHz in order to maximize the pulse energy. The pulses are stretched to 150 ps in a 100-m long fiber stretcher and amplified to 104 nJ in the preamplifier. The nonlinear chirped-pulse power amplifier generates pulses with up to 4 µJ energy at 1 MHz repetition rate. The pulse duration is reduced to 80 ps during amplification as a result of gain filtering clipping the edges of the pulse in the time domain. The maximum peak power of amplified pulses is 57 kW and the compressed pulse duration is 150-200 fs. A detailed description of the second system is provided in [18] . Both ultrafast systems can be used in picosecond mode by simply bypassing the pulse compressor. When the compressed pulses are used, they are always linearly polarized due to the grating compressor. Uncompressed pulses can be either unpolarized or optionally linearly polarized with a polarizer.
Materials and Methods

Surface Texturing with the Fiber Lasers
For processing with the home-built ultrafast fiber laser systems, the beam is focused to a spot diameter, adjustable in the range of 10-15 µm using a high-power and 1 µm-wavelength compatible microscopy objective. The processing setup comprises of a collimating telescope, the objective and a 3-axis motorized and computer-controlled translation stage. Various patterns can be formed on the surface by scanning the translation stage on which the samples are placed.
For processing with the commercial nanosecond pulsed fiber laser, the beam is scanned over the sample with a computer-controlled galvanometer-based scanner, using a special objective lens designed to maintain a uniform spot diameter irrespective of the deflection angle. The spot diameter in the focal plane is estimated to be approximately 40 µm. All three laser systems have nearly diffraction-limited beam quality (M 2 < 1.2) and they can be switched off within microseconds for jumping from one point to another. Scan rates used in the experiments range between 3 µm/s and 50 µm/s. Human osteosarcoma cell line Saos-2 is widely used in studies on cell adhesion, proliferation and differentiation [19] [20] [21] . In this study, Saos-2 cells are cultured in McCoy's 5A medium supplemented with 15% fetal bovine serum, 2 mM L-glutamine, streptomycin/penicillin 100 U/mL, and in a humidified atmosphere of 95% air and 5% CO 2 at 37 • C. Cells are seeded onto 8-mm diameter Ti (Ti6Al4V) disks with three different commercially modified surfaces and one fiber laser-modified surface, which are shown in Fig. 2 .
Cell Culture and Microscopy
Before use, all samples are sterilized for 30 minutes in 10% NaClO with an ultrasonic cleaner and placed in 24-well cell culture plates with a density of 100,000 cells/ml. Separate attachment tests are done for incubation periods of 36 hours and 7 days. At the end of the incubation periods, the disks are washed with PBS, treated with trypsin/EDTA solution for 20 
Results and Discussion
We find that a large variety of surface patterns can be created using both the femtosecond and picosecond pulses by controlling the pulse energy, duration, exposure time and the scanning pattern (selected sample patterns are shown in Fig. 3 and Fig. 4) . For the creation of surface textures with micron-scale features, picosecond and femtosecond pulses yield similar results, as expected. Using femtosecond pulses at sufficiently low fluences (around 0.04 J/cm 2 ), it is possible to obtain nanoscale roughening of the surfaces. This appears not to be possible with picosecond pulses, which simply lead to creation of micronscale structures with the scale set by the laser spot size on the surface. We attribute this difference to thermal effects occurring during the picosecond-long pulse, which wash away the fine nanometer-scale features, even though the thermal effects are greatly reduced compared to use of nanosecond pulses.
Using femtosecond pulses, we produce nanoscale surface roughening at low fluences and micron-scale surface texturing at high fluences. Line patterns are formed on the Ti surface with incident power of 1.4 W, repetition rate of 43 MHz, pulse duration of 300 fs, scan rate of 4 µm/s, and spot diameter of 10 µm (Fig. 3(a) and (b) ). The corresponding fluence is 0.04 J/cm 2 . These conditions result in nanometer-scale modification of the surface with an average roughness of 100 nm. In contrast, a similar line pattern, however of micron-scale height, is formed when using incident power of 0.7 W, repetition rate of 1 MHz (corresponding to a pulse energy of 700 nJ), pulse duration of 400 fs, scan rate of 3 µm/s, and spot diameter of 10 µm (Fig. 3  (c) and (d) ). The corresponding fluence is 0.89 J/cm 2 . There is no heat-affected zone (HAZ), when using femtosecond pulses that can be discerned through scanning electron microscope (SEM) and atomic force microscope (AFM) images. Reducing HAZ is important since these heat affected zones are more susceptible to the formation of cracks that reduces the life-time of the metal implant [22, 23] . Using picosecond pulses, microstructures with feature sizes of 10-20 µm and height contrast of approximately 5-10 µm are easily created. Fig. 4(a) shows SEM image of dot-pattern formed on the Ti surface using incident power of 2 W, repetition rate of 43 MHz, pulse duration of 20 ps, and approximately 40 µm of spot diameter. The corresponding fluence is 0.0037 J/cm 2 . A line pattern is shown in Fig. 4(b) , produced using incident power of 1 W, repetition rate of 1 MHz, pulse duration of 80 ps, scan rate of 3 µm/sec, and 10 µm of spot diameter. The corresponding fluence is 1.27 J/cm 2 . Another pattern is shown in Fig. 4(c) , created using incident power of 2 W, 43 MHz repetition rate, pulse duration of 25 ps, spot diameter of 10 µm, scan rate of 50 µm/sec and fluence of 0.0059 J/cm 2 . The pattern is formed by line scans, with the parallel scan lines barely touching each other from the edges. The line pattern in Fig. 4(d) is produced using the same parameters as in Fig 4(c) , but the parallel lines are overlapped by several micrometers from the edges. In the picosecond regime, a small HAZ is discernible around the microstructures, visible as contrast changes in the SEM image and with an extent of 10-15 µm. The surface patterns are mechanically stable and strong. The modified Ti surfaces were repetitively subjected to 10% NaClO in an ultrasonic cleaner and proteolytic trypsin enzyme during cell attachment experiments. In addition, after nearly a year, during which a number of experiments have been performed, the laser-textured surfaces appear to be unchanged according to recent SEM images.
For comparison, we use the nanosecond fiber laser to produce surface textures. A dot-pattern ( Fig. 5(a) ) is produced using incident power of 1 W, pulse duration of 71 ns, repetition of 25 kHz, scan rate of 5 mm/sec, and spot diameter of approximately 40 µm. The corresponding fluence is 3.2 J/cm 2 . SEM image of a line pattern formed with identical laser parameters are shown in Fig. 5(b) . The nanosecond pulsed laser results in clearly more pronounced HAZ, extending up to approximately 50 µm, as well as a relatively reduced precision and repeatability. For most surface texturing applications, including the creation of microdimples, the micronscale control afforded by the picosecond fiber laser appears to be sufficient [24] . In order to better understand the process underlying of the texture formation, we employ energy-dispersive X-ray spectroscopy (EDX) analysis and Raman spectroscopy of the processed samples (Fig. 6) . It is possible to produce micron-scale structures, which are either protrusions above or depressions on the surface. The height varies in the range of few micrometers, depending on the laser parameters. The EDX results indicate that oxygen is present in the processed regions, while it is absent in the unexposed areas. The concentration of oxygen in surface structures appears to vary in the range of 25% to 35% for all pulse durations. This is consistent with the formation of TiO 2 as a result of the laser processing. Fig. 7 shows the Raman spectra covering 150-750 cm −1 of the processed Ti samples. As control, the non-irradiated area of the Ti samples does not present Raman activity. The irradiated areas result in three clear peaks located at 241, 439 and 613 cm −1 , which can be associated with the multi-photon process, E g , and A 1g active Raman modes for the tetragonal rutile structure of TiO 2 , respectively [25, 26] . Therefore, we conclude that the protruding structures formed by laser irradiation are largely composed of TiO 2 in the rutile phase, irrespective of the use of femtosecond, picosecond or nanosecond pulses. The effect of the surface textures created with the fiber laser on cell attachment and proliferation is evaluated through cell-culture experiments. We compare the picosecond laser-textured surfaces with three different commercially obtained implant surface types textured using sandblasting, acid etching and the SLA method. Following the methodology described above, we culture cells on indicated surfaces both for 36 hours (Fig. 8, left panel) to assess surface attachment, and for 7 days to monitor cell adhesion and proliferation (Fig. 8, right panel) . surfaces prepared using acid-etching; SB: surfaces prepared using sandblasting; SLA: surfaces prepared using the SLA method; Pico: surfaces prepared using the picosecond laser.
Both cellular attachment and proliferation on picosecond-laser-textured surface are as good as commercially used surfaces which are widely accepted to be surface textures of choice for stronger tissue integration [27, 28] . Binary comparisons of cellular tests on laser-textured surface with other modified surfaces (AE, SB, or SLA) indicated no significant difference in terms of attachment or proliferation according to a two-tailed t-test (Fig. 8) which is followed by statistical Bonferroni correction. (A p value of <0.02 was considered statistically significant).
We conclude that based on the cell attachment and cellular proliferation performance, the picosecond laser-textured surfaces are comparable to the commercially treated samples, within statistical fluctuations. Interestingly, as shown in Fig. 9 , the cells tend to align with linear micron-size features formed by the picosecond laser-textured surfaces, a phenomenon known as topographical or contact guidance [29, 30] . However, there is no noticeable alignment on the surfaces with nanometer-scale height differences obtained with femtosecond pulses. Attachment is not improved either; we attribute this to the inadequate interaction between the cells and the nanoscale surface patterns (data not shown).
It appears possible to de-promote cell attachment and proliferation: with the dotted Ti surface pattern which is shown in Fig. 4 (a) , the cells cultured on this surface result in significantly reduced attachment and proliferation. We attribute this to the biomechanics of the process: These holes have diameters around 40 µm and depth of approximately 15 µm; cells which fall inside a hole cannot attach properly and cannot proliferate. Possibly, they undergo a stress dependent programmed cell death process known as apoptosis, as assessed by aberrant nuclear stainings.
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Conclusion
In conclusion, we have demonstrated controlled surface texturing of Ti biomedical implant surfaces with high precision and repeatability using low-cost fiber lasers delivering picosecond and femtosecond pulses at 1 MHz and 43 MHz repetition rate. To the best of our knowledge, this is the first use of a pulsed fiber laser for surface texturing. In addition, we utilize repetition rates nearly 1000 times higher than in previous studies of ultrafast surface texturing. Given that the average power of the fiber amplifiers and the scanning speed can readily be scaled up, the use of MHz repetition rates holds great potential for significant improvements in processing speed, consequently, in the feasibility of ultrafast surface texturing for industrial applications. Comparison of the surface textures produced by the nanosecond-, picosecond-and femtosecond-pulsed lasers validate the expected trend of diminishing heat effects as the pulse duration is decreased, thus improving precision and repeatability. However, we find that tens of picoseconds-long pulses are sufficient to reliably create micron-scale structures for control of cell attachment and proliferation. Given that picosecond operation of the laser does not require a grating compressor, and the laser beam is directly delivered from the optical fiber through a fiber collimator or a fiber focuser, the use of picoseconds pulses at MHz repetition rates holds remarkable potential for in vivo biomedical applications. Cell attachment and cell proliferation experiments indicate that laser-produced textures yield performance comparable within statistical deviations to commercially prepared surfaces using non-laser-based techniques. We find that different surface patterns can enhance or inhibit cell attachment; additional studies are needed for a full understanding of the effect of different patterns. A significant advantage of laser texturing is the capability to selectively treat different parts of an implant surface with different textures, which may be designed to enhance or inhibit cell attachment. Such spatial selectivity is not possible with conventional mechanical and chemical techniques.
While our emphasis has been on texturing of Ti-based implant surfaces, these results can easily be adapted to different materials and applications. We believe that ultrashort pulsed fiber laser technology is well-suited for widespread use in laser surface engineering and related applications outside of the research laboratory.
